Abstract. We compare two widely used approaches to the description of hadron properties: QCD sum rules and constituent quark models. Making use of the dispersion formulation of the quark model, we show that both approaches lead to similar spectral representations for hadron observables with an important difference that quark model is based on Feynman diagrams with massive quarks, whereas QCD sum rules are based on the same Feynman diagrams for current quarks with the additional condensate contributions for light quarks and gluons. We give arguments for a similarity of the smearing function in sum rules and the hadron wave function of the quark model. Analyzing the sum rule for the leptonic decay constant of the heavy pseudoscalar meson containing a light u or s quark, we find that the quark condensates at the chiral symmetry-breaking scale µχ ≃ 1 GeV, ūu = −(230 ± 15 MeV) 3 and ss = −(220 ± 15 MeV) 3 correspond to constituent quark masses mu ≃ 220 MeV and ms ≃ 350 MeV, respectively. We also obtain the running of the quark model parameters above the chiral scale µχ. The observed correspondence between constituent quark models and QCD sum rules allows a deeper understanding of both methods and their parameters. It also provides a QCD basis for constituent quark models, extending their applicability above the scale of chiral symmetry breaking.
Introduction
There are several evidences that static properties of hadrons and their characteristics in processes with momentum transfers not larger than few GeV may be well described treating hadron as relativistic few-body composite systems of effective particles -constituent quarks. These evidences come from several sources. Among them: (i) hadron spectroscopy where mesons and baryons spectra may be well described in the relativistic constituent quark model [1] ; (ii) high-energy hadron-hadron and hadron-nucleus scattering at small and intermediate momentum transfers where momentum distributions of secondary particles are well described assuming that mesons and nucleons are bound states of two and three constituent quarks, respectively [2] ; (iii) photon-hadron scattering at small momentum transfers where the observables speak in favor of the presence of few extended objects inside hadrons [3] ; (iv) exclusive processes at small and intermediate momentum transfers where the constituent quark picture has been successfully applied to the calculation of elastic and transition form factors. Indeed, various models based on the notion of constituent quarks can be found in the literature, for instance the dispersion approach [4, 5] , the quasipotential approach [6] , light-front [7, 8] , instant-form [9] and pointform [10] quark models. For more details we refer to the review [11] . The constituent quark masses are the param- The many successes of the constituent quark model to describe the data definitely prompt that this approach provides a relevant description of the nonperturbative QCD physics at low and intermediate momentum transfers. However, on one hand a rigorous derivation of the quark model from the QCD Lagrangian is hard to establish. On the other hand a relationship between QCD Lagrangian and hadron physics is provided by QCD sum rules. Thus it is reasonable to look for a correspondence between quark models and sum rules in order to connect the former to QCD in this way.
In this paper we demonstrate such a correspondence between sum rules and quark models making use of the dispersion formulation for the latter [12] . This correspondence not only provides a QCD basis for quark-model calculations but also helps in obtaining a better understanding of the different versions of QCD sum rules and of the parameters which a priori have no clear physical meaning within QCD sum rules. Moreover, it allows to understand the proper running of the constituent quark-model parameters above the chiral symmetry breaking scale µ χ ≃ 1 GeV, opening the possibility to apply constituent quark models above this scale in a controlled way.
QCD sum rules
The method of QCD sum rules [13] is based on the following theoretical concepts: a complicated structure of the physical QCD vacuum, Operator Product Expansion and quark-hadron duality. The first concept states that the physical QCD vacuum is different from perturbative QCD vacuum; properties of the former may be described in terms of the condensates, i.e. non-vanishing amplitudes of local gauge-invariant operators over the physical vacuum. Perturbative QCD calculations can still be applied far from hadronic thresholds, but require modifications: non-perturbative contributions given by the condensates appear as power corrections to the usual perturbative expressions. These proper modifications of the perturbation theory may be obtained using the Operator Product Expansion.
The central object considered within the QCD sum rule method is the correlator of the quark currents over the physical vacuum. One obtains spectral representations for this correlator by two different means: within the modified QCD perturbation theory including condensates, and using hadron saturation. Local quark-hadron duality states that both representations for the spectral density should be equal to each other after a proper smearing (the same for the QCD part and the hadronic part) is applied. The two smeared representations for the spectral density give the two sides of the QCD sum rule.
Sum rules as a technical tool to obtain the resonance properties from QCD is based on attempting to choose the smearing function such that a single resonance dominates the hadronic part of the sum rule, and at the same time only few condensates of the lowest dimension are essential on the QCD side. In many cases it is possible to find smearing functions which satisfy the above competiting requirements [14] . Then one obtains the resonance parameters, such as masses, decay constants, or form factors. For details we refer to review papers [15, 16] and references therein.
In practice the application of this method leads to the calculation of the spectral densities of the relevant Feynman diagrams with current quarks and gluons, taking the convolution of this spectral density with the smearing function, and adding nonperturbative power corrections described in terms of the condensates. Depending on the choice of the smearing function one obtains various versions of the sum rules (moment, Borel, Gaussian, etc). The resulting sum rules contain physical parameters such as quark masses and condensates, and parameters describing the details of the smearing procedure which may vary from one observable to the other. They are fixed by requiring the stability of the sum rule or from fits to the data.
Constituent quarks and the dispersion approach
The dispersion approach [12] uses the constituent quarks and is thus conceptually quite different. Nevertheless, technically it is based on calculating the spectral densities of the same diagrams as in the sum rules, but involving the constituent quarks, and taking the convolution of these spectral densities with the wave functions of the participating hadrons. All nonperturbative effects are assumed to be taken into account by introducing the constituent quarks and no other nonperturbative contributions are added. One may treat the wave functions either as some nonperturbative inputs and use simple parameterizations for them, or use the relativistic wave functions obtained from the solutions to an eigenvalue problem [8] .
The central observation for comparing sum rules and quark models is that the densities in the spectral representations are the same functions in both methods. The differences come from the following sources: in quark models one uses effective constituent quark masses and the wave functions of hadrons; in sum rules one uses current quark masses, smearing functions which may have no physical meaning, and adds contributions of condensates. The spectral densities determine the main qualitative features of the calculated hadron observables, such as their dependence on the momentum transfer or scaling properties in the heavy-quark mass. On the quantitative side, if both approaches give the correct description of the hadron properties, the constituent masses in quark-model calculations should numerically reproduce the contribution of the condensates in QCD sum rules.
We make this correspondence explicit by analyzing the decay constant of the B-meson, a pseudoscalar meson containing heavy b and lightū quarks. We obtain the constituent mass of the light quark from QCD sum rules in the limit m b → ∞.
We argue that the above correspondence between sum rules and quark model, and the knowledge of the spectroscopic wave functions in the latter allow to find the optimal smearing function and to favor a specific version of QCD sum rules depending on the hadron considered 1 . For instance, for hadrons containing heavy quarks we give arguments in favor of Gaussian sum rules compared to Borel sum rules, while in case of hadrons containing light quarks only Borel sum rules appear to be favored.
The correspondence between constituent quark models and QCD itself (via the sum rules) can be pushed further. Indeed the natural upper limit of applicability of constituent quark models is the scale of chiral symmetry breaking, µ χ ≃ 1 GeV. Below such a scale the constituent mass may be approximated by a constant fixed mainly by spectroscopic data on hadron masses. Above the chiral scale a running of the constituent mass is strongly expected. A similar situation holds as well for the hadron wave functions. The correspondence we found between constituent quark models and QCD sum rules allows us to find out quantitatively the running of both the constituent mass and average momentum inside the hadron just by imposing the appropriate QCD scale dependence of the quark condensate.
The paper is organized as follows: in Section 2 the main formulas for the pseudoscalar B-meson in the dispersion approach are recalled. In Section 3 we consider a sum rule for the decay constant f B and its relationship to the quark model, and obtain the constituent quark mass. We also discuss physics motivations for the smearing function. In Section 4 we address and solve quantitatively the relation between the QCD running of the quark condensate and the running of both the constituent mass and average momentum inside the hadron. Finally we summarize our results in the Conclusions.
Dispersion approach based on the constituent quark picture
We present here the main formulas of the dispersion approach [12] necessary for our discussion. The relativistic wave function of the B-meson consisting of b andū quarks with masses m b and m u , is normalized as
where ρ(s) is the spectral density of the Feynman loop graph with the iγ 5 Dirac structures in the vertices (see Fig. 1 ), given explicitly by
Here s =p 2 and λ(s, m
The normalization condition (1) corresponds to the normalization of the charged form factor of the meson at q 2 = 0. The elastic form factor describing the interaction of the b quark with an external vector field is defined as
with p − p ′ = q. For q 2 < 0 one finds
where
is the double spectral density of the triangle diagram, whose explicit expression can be found in [12] . An important property of the spectral densities is the relation 
QCD sum rules and the constituent quark mass
We now turn to the calculation of resonance observables in QCD sum rules and start with the decay constant f B . The central object in this case is the correlator of two pseudoscalar currents
Here |vac denotes the physical QCD vacuum which differs from the perturbative QCD vacuum. The physical QCD vacuum is characterized by non-vanishing expectation values of gauge-invariant operators. These expectation values vanish in the perturbation theory (i.e. when averaging over the perturbative vacuum state). One can write the correlator (6) as the dispersion representation in q 2 and calculate the spectral density of this representation using either the language of hadronic intermediate states or QCD intermediate states. Clearly the two spectral densities look quite different when compared point-by-point. The local quark-hadron duality states that both spectral densities are still equal to each other after a proper smearing is applied to both of them. For more detail we refer to [15] . The perturbative part of the QCD spectral density contains the loop diagram and the radiative corrections to it. The nonperturbative part of the QCD spectral density contains contributions of the condensates. It is known that the radiative corrections play a role for obtaining realistic predictions (see [18, 19] for detail and references). However, since radiative corrections are not essential for the (non-perturbative) correspondence we are looking for, we postpone its discussion to the next Section and keep on the QCD side only the contribution of the loop diagram and of the quark condensate. On the hadronic side we keep only the B meson contribution and assume that the hadron continuum may be suppressed or effectively taken into account by the choice of the smearing function. The resulting sum rule takes the form
Here m u ≤ 10 MeV and m b are the short-distance quark masses. 2 H(s) is the function which provides the relevant smearing of the spectral densities on both hadronic and the QCD parts of the sum rule. Let us now rewrite the sum rule (7) in the form
where we have defined Φ(s) as
It is clear that as soon as we describe the B meson by the pseudoscalar interpolating currentbiγ 5 u, the combination (9) will appear for any observable as the result of applying smearing in the corresponding channel. Usually, the smearing functions are not assumed to be universal and are allowed to vary from one observable to another. Imagine however that there exists such a smearing function which turns out to be independent of the quantity described by sum rules and is thus universal. Then up to condensate contributions the expression (8) looks like the normalization condition for this wave function. Comparing the equations (8) and (1) we may expect that the smearing function Φ(s) and the wave function Ψ (s) are close to each other and that the appearance of the constituent quark effectively accounts for the contribution of the condensates. To make this point clear let us consider a simple theory without condensates but with confinement. A nonrelativistic potential model with a confining potential represents an example of such a theory. In this case the spectrum of states is discrete and one can use sum rules to calculate the bound-state parameters such as their masses and decay constants [14] and to study quark-hadron duality [21] . One can also use sum rules to calculate the transition form factors. The merit of referring to the potential model is that the exact solutions for the above quantities are known. So confronting the exact result with the approximate results obtained by sum rules allows to understand the accuracy of the method and to motivate the 2 If radiative corrections are included in the spectral density of (7), theses quantities depend on the scheme and scale. Hereafter we imply the use of the M S renormalization scheme. The inclusion of radiative corrections within the constituent quark picture was discussed in [20] .
choice of the smearing functions. For the resonance masses and the decay constants this was done in [14] . To understand what happens for the form factors, let us study the form factor describing the transition from the state i to the state j, F ij (q 2 ). The corresponding expression is known
Here Ψ n (k 2 ) is the wave function of the state n obtained by solving the Schrödinger equation. Eq. (10) can be written in the form of a double dispersion integral
where ∆ NR (z, z ′ , q 2 |m 2 ) is the double spectral density of the triangle diagram of the non-relativistic field theory calculated using the non-relativistic Green functions of free quarks [2] . Since condensates are absent in this theory, the application of sum rules would lead to a similar expression
where Φ n (z) is the smearing function for the state n.
Choosing the smearing function Φ n (z) equal to the exact function Ψ n (z) leads to the exact form factor. The same argument applies to other characteristics of the resonances. In this case the existence of the universal smearing function is obvious. The QCD situation is different and more complicated. There are condensates, so one would not expect the universality of the smearing function to be exact. Nevertheless, assuming (and testing) approximate universality may give a hint for choosing the relevant smearing function.
To be more precise, let us assume the existence of the function Φ(s,m 
If the condensate contribution is negligible, the constituent quark mass obtained from this equation is equal to the current quark mass. If condensates give a large contribution, a priori it is not guaranteed that the solution for m u exists at all. We shall see that for realistic values of the quark condensate the solution does exist and gives the value for the constituent quark m u (or m s ) in the "expected" range.
The optimal smearing function
In view of the argument from the potential model discussed above, we may expect the existence of the "optimal" smearing function which is close to the wave function of the constituent quark model. In many applications of quark models a simple Ansatz
with β ∼ Λ QCD , was found to give a good approximation to the exact solution of the spectral problem for groundstate mesons and to lead to a good description of data. Thus we choose the trial function Φ(s, m
Replacing m → m gives the smearing function Φ(s) Before closing the subsection notice that in case of mesons consisting of light quarks only one has k 2 ≃ 4s, so that for such hadrons Eq. (15) favors the use of Borel sum rules.
The constituent quark mass and the quark condensate
Using the Ansatz (15) we can rewrite (13) as
This relations gives a connection between the quark mass, the constituent mass and the condensate, but involves also m b , m b , and the parameter β B of the smearing function.
To get rid of complications related to the presence of m b we go to the limit m b → ∞. This procedure requires however some care: The spectral density ρ(s, m 2 b , m 2 u ) involves radiative corrections which so far have not been included into consideration. As soon as the radiative corrections are included, it becomes crucial which precise definition of the heavy quark mass is used. As known from the literature radiative corrections to the spectral density are big (almost 100%) for the pole heavy quark mass [18] , but they are less than 10 % if one works with the M S running mass [19] . Having in mind the small size of radiative corrections in terms of the m b , we require that the limit m b → ∞ is taken such that the ratio of the constituent m b to the M S mass m b goes to unity
Then the radiative corrections to Eq. (17) may be safely omitted to the accuracy we are interested in. Changing the integration variable, in the limit m b → ∞ Eq. (17) takes the form
Equation (19) is the first central result of this paper. The quark condensate and the current quark mass m u depend on the scale, thus requiring scale-dependence of the quarkmodel parameters β ∞ and m u . We shall discuss this dependence in the next section, and now we analyse the relation (19) at the chiral symmetry breaking scale µ χ ≃ 1 GeV.
First of all we note that below µ χ the quark model parameters m u (µ) and β ∞ (µ) can be reasonably taken as constant values fixed by the specific potential model adopted. From the analysis of properties of the Qq mesons in [5] one expects the value β ∞ = 0.6 ÷ 0.7 GeV in the heavy quark limit. Neglecting the current mass of the light quark in numerical estimates, we find that the constituent quark mass m u = 220 MeV (obtained from the description of the meson transition form factors in [5] and prompted by the analysis of the meson mass spectrum in [24] ) corresponds to the condensate= −(230±15 MeV) 3 . Interestingly, the condensate value does not vary much for m u in the range 200 ÷ 350 MeV. For instance for m u = 350 MeV,= −(260 ± 15 MeV) 3 . The error in this estimate results from the variation of β ∞ in the range 0.6÷0.7 GeV.
The obtained condensate is negative in agreement with the Gell-Mann-Oakes-Renner relation [22] and compares favorably with existing estimates(1 GeV) = −(242 ± 15 MeV) 3 [23] .
A similar analysis can be done for the s-quark. The parameter β s ∞ for the pseudoscalar Qs meson was found to be only few percent bigger than β ∞ [5, 24] ; the strangequark condensate is ss /= 0.8 ± 0.3 [23] . 
Running of the constituent quark mass and average momentum
Requiring the relation (19) to hold at any scale above µ χ leads to the scale-dependence of the quark-model parameters β ∞ and m u .
In QCD the current quark mass and the quark condensate are multiplicatively renormalized in such a way that their product is renormalization group invariant (RGI), namely
where Z S (µ) = 1/Z m (µ) at any renormalization scale µ, while m u andare RGI quantities. Within the M S scheme, at next-to-leading order (N LO) accuracy in the strong coupling constant α s (µ) one explicitly has [25] 
where β 0 = 11 − 2 n f /3, β 1 = 102 − 38 n f /3 and γ 1 = (101 − 10 n f /3)/24.
Running at high scales
Above the chiral scale the two quark model parameters β ∞ and m u run with the scale µ and their evolution is expected to be coupled in order to fulfill Eqs. (19) and (21) . Qualitatively, the constituent mass m u decreases when the scale µ increases, while the parameter β ∞ , which governs the average momentum of the constituent quark inside the hadron, increases with the scale µ. Thus, above a sufficiently high scale µ 0 (> µ χ ) the value of the parameter β ∞ (µ) becomes much larger than the value of the mass m u (µ), so that in the r.h. 
We have now to impose that the r.h.s. of the above equation runs with the renormalization scale as in Eq. (21), using Eq. (20) for the scale dependence of the current quark mass. In general there is no unique solution. However, if we require that for µ ≥ µ 0 the evolutions of m u (µ) and β ∞ (µ) are decoupled, then there is a unique solution provided by
where m u and β ∞ are RGI quantities satisfying the relation= (N c /2π
Note that the assumption of the same running for both the constituent and the current quark mass is quite natural and very plausible.
Running at intermediate scales
For µ χ ≤ µ ≤ µ 0 the scale dependencies of m u (µ) and β ∞ (µ) are coupled in order to fulfill Eqs. (19) and (21) . Requiring that the constituent mass has the same scaledependence as the current mass for µ ≥ µ χ
we obtain 3 for s-quark. Clearly, the scale dependence of β ∞ (µ) is quite close to the one of the mass in case of the light constituent u-and d-quark, while larger differences appear only around the chiral scale µ χ in case of the constituent s-quark.
Conclusions and outlook
We have considered the relationship between QCD sum rules and the constituent quark model formulated in the form of spectral representations. Our main results are:
1. We compared the normalization condition for the wave function of a heavy-light pseudoscalar meson in constituent quark model with the QCD sum rule for the decay constant of the same pseudoscalar meson in QCD. We noticed that if one uses a specific version of QCD sum rules, in which the duality smearing function is close to the hadron wave function of the quark model, then effects related to condensates in QCD may be described in terms of the appearance of an effective constituent quark masses.
2. We gave arguments in favor of choosing the smearing functions of QCD sum rules close to the hadron wave functions of the constituent quark model. Applying sum rules for bound-state transition form factors in a confining potential model (a theory with confinement but without condensates), we have seen that the choice of the smearing functions equal to the bound-state wave functions leads to the exact result for the form factors. Although the condensates in QCD violate this exact relation, the approximate similarity of the smearing function with the wave function seems to remain a useful concept.
The knowledge of the hadron wave functions of the constituent quark model may then suggest the "optimal" choice of the smearing wave function of QCD sum rules, and thus the specific version of sum rules (Borel or Gaussian) to be used. For instance, the quark model wave functions speak in favor of using the Gaussian sum rules for B-mesons and the Borel sum rules for mesons containing light quarks only. 3. The similarity of the smearing and the wave functions allows us to obtain the relation between the quark condensate and the constituent quark mass. The constituent mass of the light quark m u = 220 MeV corresponds to the quark condensate= −(230 ± 15 MeV) 3 in a good agreement with the expected value of this quantity. Similarly a constituent mass of the strange quark equal to m s = 350 MeV corresponds to a current quark mass m s = 110 ± 10 MeV and a strange condensate in the range ss = −(220 ± 15 MeV) 3 .
4. We addressed the problem of the scale dependence of our correspondence between constituent quark models and QCD sum rules. By imposing the known QCD running of the quark condensate we found explicitly how the constituent mass and average momentum inside the hadron should run with the scale. Our findings open the possibility to apply the constituent quark model above the scale of chiral symmetry breaking in a controlled way.
The observed correspondence between QCD sum rules and constituent quark models may have two important applications. First, it allows us to understand the parameters of the constituent quark model on the QCD basis and it also opens the possibility to apply such a model beyond the scale of chiral symmetry breaking. Second, it provides a physical motivation and control over the smearing functions in QCD sum rules. In spite of the obvious successes of the constituent quark model mentioned in the beginning of this paper, it is not easy to provide a reliable error estimate for its predictions. The context of QCD sum rules can give a firm theoretical basis for the quark model picture of hadrons.
The most interesting problem where the formulated ideas may be applied and tested is the physics of form factors. This work is in progress.
